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‘tions, for nearly the same chemical composition.
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ABSTRACT

Models are constructed for very massive stars in the
range 45 Mg to 1000 M: duving hydrogen surning, .o oude:s
to examine the role of convective instability. “he seni-

cenvective zone shows a maximum growth (in mass ‘raction)

(a1

at about &0 Mp, with & chosen initial hydrogen abundance o
X = 0.70. Sixty Mg is also the maximum mass Zcund by
Schwarzschild and Hérn toc be stable against r.diil pulsa-
Radiation
pressure has a critical cdestabilizing influence here. Ir
the limit of the highest masses, the semiconvective zone
disappears toward the surface,—but the star still evolves

inhomogeneously. It is shown that asymptotic limits at

hydrogen exhaustion exist for the mass fraction of the con-
vective core, the mean hydrogen content, and the hydrogen-

burning lifetime.
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, I. INTRODUCTION

Thecorectical understanding of very massive siars depenas
critically eon a knowiedce of the mechaninm ang sirtant of
internal mixing. This mixing may be due to rocta:ion or con-
vective instability. In the presant paper, models are con-
structed for stars which are strongly unstable to convection
outside the normal convective core, but which arc non-
rotating. The assumption of convective neutraliuvy in the

unstable part of the envelope permits calculation of the

extent of mixing phencmenoclogically, without reference to th:

details of convection theory. A descriptioh cf the so-
called semiconvective zone which is formed has been given in
Paper I (Stothers 1963). The present paper investigates

the extent of the semiconvecitive zone and convective core

as a function of stellar mass and evolution during hydrogen

burning.

1 1 II. ASSUMPTIONS

The general structure of a very massive star has been

described in Paper I. We adopt the same assumptions, defi-
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nitions, and notations as belore. Thc cherscal
. composition is again taken to oo
Ko = 0.70, Vo = C.27, %, = C.00, 1 - = o Sl

the sum:cf th

paraneters ir
acequately given by . = 14 and log o, = =Su.l, Do Ll tho
present models. For simplicity, we assume the full ccullil-

Tium asulGa
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rate wi.l affect only the dimensionai structilt 0l The mOGe.b,
and will therefore have no bearing on the distrilbwution of
chemiczl composition, zornal bourlarlics, ox Twine scale of

evolution, which comprise the main 332J¢Cs o LhLd8 DIZEY.

These ron-dimensional guantities shculd o especiailiy WGl
| . . determined in our models since compariscon with Los Alaxmos
: 1665) indicates thet the simple

opacities (Ezer and Cameron

electron-scattering opacity assumed herc will De an

approximation tnroughout the star praciically ©O ©aé sTte. ..

surface, for such high masses as we¢ arc Consicering
Allen®s (1963) values o solar luminosity and radius

* j‘ I were used as normalizing gquantities, whereas, in Paper I,

i
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Chandrasekhar's (1939) values were used.” A subscript £
refers to the boundary of the convective core at the evoiu-

. tionary stage when hydrogen is just exhausted in the core.

IIT. MODELS OF VERY MAéSIVE STARS
‘

The main characteristics of models for six very massiva
stars during hydrogen burning are presented in Table 1.
?he models were calculated automatically by an IZM 7094
compufeé, with the semiconvective zone taken explicitly into
account, as described in an eariier paper (Stothers 1966).
This method of treatment of the semiconvective zone, while
precise, gives results nearly identical with thecse calculat oo
on the basis of the zone assumed radiative ({Sakeshita and
Hayashi 1961; Stothers 1963, 1965). However, the latter
method.does not give correct results when tlie zone exceeds

an extent of Aq = 0.2 (Stothers 1966).

a) Homogeneous Models
Were the models to form a homologous seguence, we should
have exactly that L ~ M> and q, = constant. However, the
models are far from homologous because of the wide varia-

tion in radiation pressure. On the basis of the standard

\

3
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model, Eddington (1926) showeé that the relative radiation

pressure, 1-3, increases with total stellar mass (throuch

[¢)

the well-known quartic eguation). Sirce a lazg
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pressure promotes convectiv
adiabatic temperature gradient, the mecss fraction containcd

within the convective core will zlsc e larger at the higher

masses (Fig. 1). This may be seen precisely frem the conditicn

defining the convective core boundary, viz. eguating the

radiative and adiabatic cifective polytropic indices 2
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g4 and introducing the approximate mass-luminosity re

et
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I~M3. Thus a sufficiently large mass becomes Comp
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convective. The photon flux escaping Irom the suriac
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determined entirely by the radiative surface condition,
neL/M = 47cG (1l - %5). -

In this case, the mass-luminosity relation approaches L™M.

¥

b) Inhomcgeneous Models

For the lower-mass stars in which radiation pressure
is not dominant, the luminosity increases during evolution
in accordance with the trend indicated by the homologous
relation L ~ M4, ' Howaver, as 1 - 8, approaches unity in the
| . higher masses, the luminosity remains constant if the star

does not evolve fully mixed (such mixing would reduc¢ Xe

'
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and hence *g in eq. [2]).

It may be simply shown that stars of even the highest

- mass must evolve inhomogeneously. Ccnsider the core boundaxr-

o]

for a star in which ° = § throughout. Equating the za
and adiabatic effective polytropic indices, we can obtain
that g4 = *g/%e = (1 + Xp) /(1 + Xe). Wr.en hydrogen has been

exhausted in the convective core, the core boundary must

have shrunk to a mass fraction geg = (1 + Xe)'l. This implies

a gradient of chemical composition left behind and sets an
upper limit on the composition exponent, X, in the intexr-
mediate zone. Hence the amount of hydrogen depletion is
fixed for very massive stars. The minimum mean hydrogen
content remaining after hydrogen burning will be X =~ Xé2/2(1
Thus any star composed initially of pure hydrogen has 4
final d¢ < 0.50 and X Z 0.25. For our chosen initial com~
position,the limiting values are gf £ 0.59 and X £ 0.14.
Figure 1 shows the asymptotic ;pproach of the core boundazry
toward é limiting value (slightly in excess of g7y since

X. = 0.05 in the figure) as the stellar mass is increased.

Sakashita, 6no, and Hayashi (1959) have shown that seni-

convective mixing cannot extend to the convective core:

the steeper gradient of mean molecular weight in the deeper

layeré of the envelope inhibits the convective motions.

e

LaTane
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Thus the envelope can be only partially mixed. The unstable
intermediate zone grows, however, as the luminosity increasses
during evolution. This results Zrom the proportionate in-

crease in relative radiation pressure (eqg. [ 2)), which has

a destabilizing influence on the gas.
The semiconvective zone has a maximum growth in stars
with a critical mass near 60 Mg (Fig. 1). Stars of smaller

mass feel strongly the destabilizing effect of increased

radiation pressure as the mass is increased. Hcwever, abcve

60 Mo, further increase of radiation pressure does not lower

the adiabatic temperature gradient significantly (since n
approachgs 3 asymptotically). Moreover, the luminosity
brightené very little during evclution of the more massiva
stars, causing near constancy of the conditions in the outc:
envelope. In fact, during evolution, the outward growth ¢I

. the semiconvective zone is seriously limited since it is

formedvgg initio close to the stellar surface, and its
inward growth is inhibited by the much steeper gradient o

mean molecular weight occurring in the radiative intermedi-

-ate zone of the more massive stars.
The increase of A with stellar mass, however, masks

the actual increasing extent of the radiative zone. The

| | growing importance of this zone is due to the smaller amount
‘ H " . . «
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of semiconvection as g, approaches the surface Zor higher

masses, and to the asymptotic limit to the increase of the

[N
8]

convective core. Hence the gradient of hydrogen abun

anc

&

i
fons
bs

with raspccet to mass fraction kecomes gentler as the s
mass is increased, reaching, like A, an asymptotic limit
(Fig 2).

Tﬁe time scale of evolution of very massive stars is
on the order of a million years. It does not change very
much with increasing mass, because, although the luminosityw
is increasingly brighter, a largexr fraction of the initial

hydrogen content gets consumed. The time scale is given by

-

(Xe
T o=

= (EM/L) d&X,
Jx

where E = 6.0 x 1018 gm/erg. Since, in the linmit of ex-
tremely massive stars, X at core hydrogen exhaustion
approaches a constant value and L ~ M, it is clear that 7
has a lowér bound, viz.

B KeXe(Z + Xe) - (
= g8micG 1 + Xe

-
i

For an initial composition of pure hydrogen, 7 = 2.16

million years, and for our chosen initial composition,

t
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T = 1.36 million years.
The evolutionary tracks of our mcdels on the H-R dia-
gram are shown in Figure 3. The locus -of points represent-
ing models at the same evolutionary svage tends Lo curve
over téward cooler eifective temperatures at the highest

~n

masses, for the following reason. Let L ~ M . Then sincc

a-
R ~ M, we have that Tg ~ M( 2)/4

from the black-body sur-

face relation. In the limit of very low masses, @ = 3 and

so Te ™~ M%; the effective temperature increases with mass

(and luminosity). In the limit of very high masses, @ =1
1

and so Ts ~ M %; then the effective temperature decreases

with increasing mass.

IV. FINAL REMARKS

Schwarzschild and H&rm (1958), among others, have aiso
integrated sequences of stellar models for very massive
stars during hydrogen burning. These earlier results, basaed
on treatments of the unstable intermediate zone which were
not entirely self-consistent, are nevertheless very similacx
to ours because of the insensitive dependence of the stellar

structure on the composition modifications (Hoyle 1960;

Paper I).
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We therefore have confidence in some previous conclu-

sions reached by these workers. 1In particular, Scawarzschili

~and Harm (1959) performed a stability analysis of their

SUSTERY:{
O L

th

models of massive stars and found a Taximum Tass O
which would be stable against radial pulsations. In an

earlier paper (Stothers 1965), it was shown tha:t at least

pulsational eigenfreguencies would be unaifected for variou

B

treatments of the semiconvective zone in such stars. We

P

.

therefore suppose that the pulsational growth rates will

also not be largely affected. In view of the violence oI

calculated instability &bove 65 M, , it would seem that tho

critical mass must in any case ke fairly well determinec.

From the present work, 60 M. is close to the mass at

o

which the semiconvective zone has its greatest extent. Thu

e -

coincidence is not fortuitous since, as we have seen, thc

4 .

effect of radiation pressure on the convective instabilitv

4= Ty e
Tt

o

increases rapidly up to 60 M, , whereaifter it increases mor¢

slowly, asymptotically reaching a limit. Radiation pressursa

has a similar effect on the pulsational instability (likewisc

enhanced as n approaches 3).

Boury (1963) obtained a maximum stable mass of 280 .
for stars composed of pure hydrogen. Since the models of
Schwarzschild and Hirm had a hydrogen content of 0.75, we

might expect that the critical mass for pulsational sta-

ta e

o,
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bility in our models would be slightly less than 60 Mg

This work was supported by an NAS - NRC pestdectoral
research éssociateship ﬁnder the National Aerorautics and
Space Administration. It is a pleasure to thark Dr. Rcberc
JastrAw for his hospitality at the Institute for Space

Studies.

12




Tl A swasin S et . . [N~ S

oA {OM3IX

EFERENCES

Allen, C.W. 1963, Astrorhwsical Cu=ntities {London: Auhlonc
Press).

Boury, A. 1963, Ann. d'Ap., 26, 354.

~n

Chandrasekhar, S. 1939, An Introducticn to the Studv cf

Press).

al Cecnstituticn of the
@ Universityv 2ras

Eddington, A. S. 1926, The Intern
Stars {Cambridge: Cambridg

Ezer, D., and Camercn, A.G.W. 1965, unpublisned.
Hoyle, F. 1960, M. N., 120, 22.

Sakashita, S., anc Hayashi, C. 19581, Prog. Theoret. Phys.
(Kyoto), 286, 942.

s
Sakashita, S., Ono, Y., &nd Hayashi, C. 1959, Prog. Theoret.
Phys. (Kyoto), 21, 31i5.

Schwarzschild, M., and H&rm, K. 1958, ap. J., %zg, 348.
. 1959, ibid., 129, 637.

Stothe;s, R. 1963, Ap. J., %igf 1074.
. 1965, ibid., 141, 671.

. 1966, ibid., 143, in press.

———————

cebdnd
T OMAX
1\0‘('



|

oo s
A OH3IX ¢

x

o Lol

- OHIX ]

el

SYoTy

butuang :mmouvmm puranp sae3s aatssey Aisp

L0y
g68° 0

ETRO M
6L g
3000
619" L
L9570
G611
066" €~
;
LOE 0 879°0 | $.9°0
2Z9°0 :
£9E* 0
SYE'T |
S62°0~ ' VLI°0- - #L1'0~
L8S' 0~
EL° €
vo vy | 81°¥®
96°1 2160
R €
, Z TOpoW

00470
689°0
2L9°0~
6850
ETT° 0~
Ol¥#°0-
¥o9' e
90° 6
0oL’ 0
T

8670
<¢9°0
9L9* ¥
66670
69976
£9€°0
166° L
€597 0
06670
099" €~

¢8%°0 £69°0 669°0

|

6ZL'0 m
2560~ !
SEL'O
867°0~ 8ST°0- 8GI'0-
[igro-

96° ¢

L9 Y 9B8° P P8y

£y 1 8T°1 LT T

7 € z

T T°PONW

‘W Gh = W

¥

T JTEYL e

00L°0
LYL"0
S19°0-
€150
Wi o-
59€° 0~
4>
91°¢
11°1

0070
00L° 0
89 v
616°0
118§
LGE"0
1867 L
58970

8TL €~

00L° 0
SLLTO
S9€9°0~
€8%°0
LST°0-
Lve" 0~
9P €
81°§G
€E’T
0

0 13PoSH

(saealk g0T) &
- X

81 BoT

m (Wa/9) Bot
. (Y1/1) Bor.
Sg¢ bot
o1 Bot’
°d

X

2 bot

PR —

T



o e A A g e A B o e e a4 . B S, S e e i o e s ae o m e e s aan

65°€ o SZ'€ IR W SELER @oﬂv L

. _ 0S€°0 b , £6£°0 o X

) 686"V M zZ19' ¥ L 8L bot

-osggtt P L9T° 1 ’ i (Ya/¥) bot

65SL°S _ 67L°S - (Y1/71) Bot

¥95°0 w L9V"0 : °g bot

SL9"L w EVo°L ! 20 Bot

6L%°0 1670 94
80%" 1 et . Y ﬂ

oLy €- ‘ 005" €~ O Bot

_ | m w *

€50°0 | 895°0 629°0 ' 00L'0 . 9ST'0 w 909°0  ¥59°0 m 00L"0 X

025’0 | : 1€9°0 . 2950 | W ;25970 Ty

BET 0~ ! M . LESTO-  o¥ZTo- _ | TSSO~ 3 bot

A2 AN M 299°0  sLL°T : - 1€9°0 td bot
00¥°0- | Z0Z'0- = 202°0- 260°0-  SSE'0-  68T°0- G68T°0- ' 660°0- Ih Bot m
pEg 0~ : ¢St 0~ 6TLTO~ . pEVTO- Tx Bof o _
\ €8°€ 1 eL € 08" € 69°€ T(ivu) o
LB'E | €9°€ . ¥VE L6V 68" € €3¢ 89°¢ 107§ L ,;.%
LS'T | 689°0 , ¥59°0 vrSe0 8S°T  6LL°0 6740 129°0 tn ; x

14 T N O 4 T 4 3 4 1 T

YW S = W

i
i
i
i
{
i
i
- to————————T et e s

DO TAUGY -




} AHOD s
O¥M3IX |

o

65

) s

OH3

SO0E°0 | €¥9°0
9656°0 |
vevro-

08Z°T
8SZ°0-  OPI'0
89570~

08" €
ey : LS ¥
SY*T  108°0
% €

Cvy 0
G99 P
Lwl 1
OGS
GECTO
e L
G0uT0
6Te”
0oL e

790

-~ ovrio-

9V b
8L70

¢ [9POW

00L" 0
1¢9°0
L9970~
6LE"O
Z30" 0~
SLE° 0~
1WA 3
99" 4y
L2970
T

98670
599°0
9¢9° 0~
£09°0
19170~
Lde 0~

99° €
L1°s
8Z'T
4

ce0
9190
0L ¥
920" T
08" G
682" 0
709" L
26570
8L6°0
008" €~
€69°0 | 869°0 00L°0
: 069°0
: 00L"0-
;  EEET0
2z1°0~  ¢¢1°0-  LOT"O-
€EE O~
£9°¢€
8b° G 9" g £8°9
Z0'1 Z0° 1 2s6°0
£ Z 1
T ToPOoW
“l 09 = W .

PoRUTIUO) -~ T dATaYL

P

00" 0 (sau0A g0T) +

00L°0 : X
80L" ¥ W 91 bot
L8860 , (Ya/u) bHot
ZGL°S (Yi1/1) B0t
682°0 °d Bot
L6G" L 2L bot
929°0 o4
, X
168° €~ D bot
00L"0 Tx
0ZL°0 Ty
9TL* 0~ T4y Bot
ST€°0 td bot
0ZT1'0- " Th Bot
9TE" 0~ Tx bot
86" € T(1+u)
68°S : A
AR n
0 T

0 ToPOoW



- d\).)-\
,‘ O¥3x |

L0 E Qo C(mannd,0T) L
ULET o £5E°0 X
009"V , €29V ! 91 bot
CLE"T LG2 1 (®/9) hor
VL6" S ¥66° 6 (¥1/1) Bot
23] €TV 0 , 4 boT
9697 L 659° L 91 bot
0¢vTo LYY*0 M 24
. AR 99€° T : X
- m@ 0EY” €~ 059" €~ | > Bot
<0 B N
- _ w m |
250°0 16570 | (1970 00470 0£T" 0 685°0 | L€9°0 . 00L°O x
SSY 0 : 59670 98y 0 W Z8S°0 tg
68T 0~ | oy9° 0~  €LZ"O- : 679° 0~ Ty Bot
verc e | LTV 0 AT : 607" 0 Td Bot
19€°0- ZLT1°0- - 2LT°0- G90°0-  LZE'O-  09T°0-  09L°0-  0LO7O- b fot
ve8 o= , iy o~ 0€L°O- 10V 0- Tx Dot
38" € GL'E 98°€ _ LL € T(r+u)
' 60" - 98°¢ L9 ¢ 06° 4 2"y 90" ¥ 06°€ 65§ A
6V°T 6190 885°0  BEV'O 6" 1 9L9°0 6790 6870 n
- 14 3 z _ 1 12 £ 4 1 T
~ . L o
Mm P 1°POoK £ T9POW
“W 09 = W
ﬂ_: 2 , ‘ PONUTFUCY -~ T dAIdYL
L o -
-—— . o , o . : : i



M—uEx
P et
s

99¢°'0
vev:o
S06°0-
L6z’ 1+
Zee o~
QLS 0~
06" ¢
Tw*v
0€°T

Ao
AOM3IX §
i
'

i
i
i

L s
<

56070

€1’ s
109°0
£

< 1BPCKH

coa 1
69¢°9
oo’

YL

- 56070~

1079

886°0

c

00L" 0
(0s°0
£¥8 0~
[00° 0~
vi0T0-
9¢e’ 0~
G387 €
89°9
90¥v° 0
T

L56G" BSEEMY
6vST 0
8EL 0~
790+
€10 GL0°0
LuE 0=
137 €
£8° 4 0$°9
80° 1 ATARY
14 €
W 001
panutTjuoy --

9470

9850

ZeL v

LST"T

68T°9

ELT O

GZ9° L

€810

866°0

080° ¥~
L6970 . 00L°0
) 94670
‘ . 198" 0~
w 100°0-

- §L0°0-  190°0-
, L8T"0-

8L"€

AR vo* L
L 8ELT0 659°0
T/ 1

T T9POW

= W o

| I G ;A

000
coL" 0
AT
1T 1
vl 9
91°0
qr9°L
£€¢s°0

6CT V-

ooL" 0
919°0
0L8°0-
€00° 0+
¢L0" 0~
oLz 0~
vL €
0z L
Zy8° 0
0

0 T9PONW

(saeak g0T) &

X

°5 Pot
(Wua/9) Pot
(®1/1) Box
Og kot

95 Bot

Og

X

D bort

%

tg

T3 Bot

Td bot

Th bot

Tx Bog
T(T+u)

Ta

n

T




56070
64€°0
98¢0~
6117 ¢+
90e° 0~
018° 0~
£E67E
Tt v
E1
14

9v°¢
€L2°0
819° ¥
8vv’ 1
v1e°o
pLE"O
00L° L
€EE°0
¢0s°1
G667 €~

165°0 56570

S5¢1°0-

01"V
$8Y°0
£ 4

¥ 1°2POnW

00L" 0
£€49P° 0

18" O~
800 0+
€070~
9%¢° 0~

68 g
£Ev°9

16270
T

0eT1° 0
$8E°0
€LE O~
9gL " T+
yLZ 0
IAVANIE
26 ¢
Ly ¥
QE" T
b

®w 007

Do ue) e

9840

¢I1°0

B¢
Z1e’o
ot b
88E" 1
66279
16270
GLO"L
24€°0
ANt
0LG" €~

CvE9To

AR

TOPON

AR
(Cu/4)
(*~r1/71)
ba
2,
o)
00L°0
oLV 0 .
GE8 0~ L
€00° 0+ Tq
8€0°0- o
SHET 0~ Tx
L3¢ Ty
26°9
LZE O
1

.AWHGQ\A @OHV L

X
bot
bot
bot
boy
bot
i
X
hoTt

ful
bot
bot
boT
boT

Ty

[R%Y

T

tn

4 XERC

teg
‘ XF‘RO}

et




o3 X
g

Bu3k}

8¥Z°0
T1€°0
9€9° 0~
68¢°" 1+

S81°0—

9.7 0~
S6° ¢t
01"%

S1°1
v

[
sy
I
.
N e

o
c
e
o

Laa Tl S e

{
M
|

L€9°0 LU0
55070~ TRV Ay

167G {8°9
Gor° 0 Goe 0
£ ﬂ (4
Z T3PoNW

'

CoL™ O
£9e°0
LGO " T-
02G° 0~
6TQ 0~
69¢° 0~
€6’
80°8
£2¢°0
1

H

£L00
Zrato
qGL" Y
9ge” 1
Zre’9
T€0°0
6Vo° L
G4ETO

260" 1
0es* v

91470 0 L8O
8360 |

6L8° 0~

9LE" O+ _

900 0= GEO 0= GEOTO~
56€°0- :

¥69°0

chT g :

B8E°9 PLL G2° L
yegt0 0 LSpto ¢ RSP0
i £ : 4

T T9PONW

OW 00T = W

penuT3ucy -- T dATHYL

0oL 0
Levy*o
L6001~
SLY 0-
L2000~
8e¢°0-
067 ¢
89°8
99¢€°0
1

00" 0 (saeak go1) *
00L°0 i X
ZLL Y - 8L bot
182° 1 ; (*u/d) Bot
865°9 (¥1/1) BoT-
Z10°0 u 24 boT
LED" L 21 bot
00V°0 g

X
pLS P O boTt.
00L°0 Tx
LLY O Td
960° 1- - T3 poy
€EV 0~ Td Bot
SE0°0- Th Bot
61270~ Ix boT

L3 € T (T+u)

01°6 A
626°0 Tn

0 T
0 I9POW

e e e e e



1OB3X
“smaguam’

S5}

670°0
§962°0
L6E O~
T1e° e+
€92’ 0~
62870~
L67 €
e v
et
14

10t ¢
LCe 0
¢ Y
YT
L9
8e2°0
Qc¢L™ L
D¥Fe0

Ovs° 1

osv - b-
0LG G | B6S'O
|
|
LLO" O~ M LLO* O~
8L Y L9V
09€°0 . TSE"O
£ ; 4
? TOpPOW

0oL 0
1¢e’0
960" 1~
ENAT
Y10° 0~
QG2 0~
96 ¢
59° L
65170
1

: SRR
U 93¢0
: 999§
SRVATR |
LOL*9
LET"O
889° L
G9¢2°0
6SP° T
GOy -
|
ZST'0 | 0190  PE€9°0
y8e 0 |
€€S 0~ |
P89 T+ |
122°0~- ' $90°0- y90°0-
€890~
96" €
98" ¥ GE°S AR
0e 1 GBE'O0  LLE'O
% £ 4
£ [epou
W 00Z =W
panuTjuo) -~ 1 HATHVL

0oL 0
€ve’o
960° T~
1€59° 0~
LTO 0O~
8270~
V6" €
L8° L
L8170

- QB
(*4/4)
(71/1)

o %]
C

L

N e e
P o L o PR

, ok Ccﬁv i

X
BoT.
bot
bot
bot
Bo1
°g
X
bot



L A e
{0&X .

LEE'O
vveco
0L8°0-
916" 0+
T€T° 0~
L8y 0~
L6 €
TL°s
TL6°0

'

o

™~
(o
™
o -

<

SEL°

U
pt

.
Pl

[a N Ve
r~ G
GO O oW
.

0 DO
TS0 BE QM
ooy
&

L
N
<
.
(o1

Lo0° 0 129°0
9¢0°0-  2Z0°0-
SV L 6E° L
8L2°0 9L2°0
€ z

¢ TepPon

0nL"0
QLZ"O0
0se" 1~
B886° 0~
600" 0~
¥1e 0-
96° ¢
98° 6
8vT1°0
1

0260
20e’0
160" 1~
990°0+
T20° 0~
LOETO-
BICRES
SE'L
$L9°0
14

N,

|

“W 00V =

V]

21570
LLL D
8P 1
G207 L
vIT 0-
€997 L
TLe o
PIT T
090° 5~

6970

81070~

9976
£€382°0

L6970

81070~

¥9°6
Z8¢2°0
e

T TSPONW

poNUf U0y —-

d1dYL

00L°0
0¢2e" 0
6eE T~
LT6°0~
€100~
€610~
S6°¢
9701
0€Z°0
T

¢

0
0
1%

00L°0
S6E°0
(4 3% 0
y98° 0~
971070~
081°0-
P6° €
T°T1
Z21e° 0
0

0 TOPOW

wﬁmgmw% ocHV L

X

°L bot
(“u/4) Pot
(®1/1) Bot
°d bot

°L bot

Og

X

D bot



iy ACKID Bia
{ouax

T haow
jou3x/

LA
4ou3xf

97070 | 26570
81°0
L0S" 0~ ‘
0gE"Z+
6€Z°0- !
658°0- !
66°€
68'%  L1°s
9T p9z70
v ¢

GLTT
Loz: o0
LI9° P
L3871
L30° L
LOT0
GELTL
L1 0
£96° 1
386" v~

L0970

00L°0
€¢Z o
€9 1~
1L0° T~
90070~
Ore 0~
86" €
%6°8
{8070
T

19T1°0
G02°0
LL9° 0~
999° 1+
6T 0~
6L9°0~
IRICRES
0T"¢s
T1°1
14

1eor

8€0°

o’
cLz”

€

poNUI3UCY -~ T

<L 1
14270
SLO9" Y
STL°T
GL0T L
y00°0-
0L L
vel’0
84P° 1
000° G-

0 @ S¥9°0

0- 800~

9 56° ¢
0 6920
, 4

t T9POW

dTIHYL

Mﬁmpdwh 90
w P
! 9,
| (“u/4)
\ /1)

Dy

2L

0o
X
Bo1
bot
bot
Bot
bot
29

X
bot



e

L AGHID
ou3x;

L AGUS
20&31(

Aeetd g
omaxf

L8270
evi‘o
866° 0~
VT I+
I€T° 0~
0aS5°0-
66 ¢
gL’s
926°0
4

$L9°0

£T10°0

(A
LST 0

Gyt
apes
el v
ey
6GTS L
e
oLl
eyt
[CYSRNN |
oGl &~

HLA°0

- £10°0-

ooL" o
P91 0
269" 1~
12971~
£00°0-
£L1°0-
66° ¢
6°T1
650°0
1

et o
€647 0
16L°V
269°1
oV L
ree 0~
089" L
£80°0
S8BT T

QLLT G-

L850 L69°0 869°0
00Z°0 | ,
Zve 1~ »
z0e° 0~
6€0°0~ ' L00°0-  LOO"O-
pLeT o~
86" ¢
G¢°8 ze et ARA
L6V 0 vP1°0 Y10
v . € 2
T T[oPowW
YW 000T = W
ponut3Iucy -~ T dATAVYL

00L" 0
602°0
$99°1-
ey 1-
G007 0~
6170~
86" €
poel
PIT°0

STV
00L" 0
1089
G99°T1
Z8y° L
90€° 0~
PLI" L
66T 0

88L" G-

QoL’ O
pee’ o
AT R
X420 0
300°0-
ov1°0-
86°¢€
T°vT
6V1°0
0

0 TSPOoW

‘Aayzoh oohv L

X
°1 bot
(va/¥) Bot-
(¥1/7) bot
94 bot

91, bot

o4

X

D bhot

st s e



4

1955%;

s AeGu
{ OuIX
Y

15070
911°0
089° 0~
(A4
6T 0~
LOG 0O~
66" €
50° S
60° T
! 174

070" ¢ 5€9°0
LeoT B~ L20"0-
€L°6 oL"s
9910  §9T°0
£ -z
¥ TOPOW

00L 0 €PT°0
€ET" 0 82T 0 |
pIL T~ 6087 0- |
yeL T~  168° T+
Z00'0-  €8T1°0-
L61°0~  6ELTO-
667 € 66 €
8°01 £€2°¢
v€0° 0 0T
1 12
“I 00T
panuf3ucy --

SR
bpe o
LG9 ¥
LLGTT
624" L
29170~
L L
vel™ 0
L6P" T
obL" 6~

D
O
o

0¢0° 0~

0200~

$6°9
¥o1"0

il

W

T d7dYL

00L° 0
SP1°0
0L T~
G89° 1~
zo00" 0o~
L8100~
667 ¢
TANN
Zv0° 0

(saeod ooﬁy i

X

9y, bot
(“u/u) Bot
(v11/1) Pot
24 bot

Py bot

g

X

D bot

Tx

Td

Ty bog

Td pot

Th hoTt

Tx bBoty

T (1+u)

Ia

n

T
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Fig. 3.é
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FIGURE LEGENDS *

massive stars when o/

specify the outer radiative zone {I) semiconveciLve
i 14

o]
o

zone (II), radiative intermediate zone (ZIZ), an
convective core (IV). The dashed curve refers to

the mass fraction of the convective core on
’ o

the initial main seguence.
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Tars GQuIrar

€3}

mediate zone of very massive

depletion. The composition wodifications due to

o

semniconvection are omitted. Dots represent th
boundaries of the convective core for the various

models. Numbers refer to the mass of the star in

. splar units.

— Theoretical H-R diagram for very massive stars
during hydrogen burning. Dashed curves are lines

of constant time.
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